Two populations of Trichoplusia ni that had developed resistance to Bacillus thuringiensis sprays (Bt sprays) in commercial greenhouse vegetable production were tested for resistance to Bt cotton (BollGard II) plants expressing pyramided Cry1Ac and Cry2Ab. The T. ni colonies resistant to Bacillus thuringiensis serovar kurstaki formulations were not only resistant to the Bt toxin Cry1Ac, as previously reported, but also had a high frequency of Cry2Ab-resistant alleles, exhibiting ca. 20% survival on BollGard II foliage. BollGard II-resistant T. ni strains were established by selection with BollGard II foliage to further remove Cry2Ab-sensitive alleles in the T. ni populations. The BollGard II-resistant strains showed incomplete resistance to BollGard II, with adjusted survival values of 0.50 to 0.78 after 7 days. The resistance to the dual-toxin cotton plants was conferred by two genetically independent resistance mechanisms: one to Cry1Ac and one to Cry2Ab. The 50% lethal concentration of Cry2Ab for the resistant strain was at least 1,467-fold that for the susceptible T. ni strain. The resistance to Cry2Ab in resistant T. ni was an autosomally inherited, incompletely recessive monogenic trait. Results from this study indicate that insect populations under selection by Bt sprays in agriculture can be resistant to multiple Bt toxins and may potentially confer resistance to multitoxin Bt crops.
volution of pesticide resistance in insect populations is a continuing threat to the efficacy of both synthetic and biological insecticides. Resistance of insects to the biological insecticide Bacillus thuringiensis (Bt), a naturally occurring soil bacterium, was first reported in the 1980s for a pest of stored grains, Plodia interpunctella (1) . Resistance to Bt in Plutella xylostella and Trichoplusia ni has been identified following frequent applications of sprayable Bt formulations in agricultural situations (2) (3) (4) . Since the mid-1990s, crops genetically engineered to contain insecticidal toxins from Bt have increasingly been adopted worldwide (5) . With the wide adoption of Bt crops, insect resistance is a serious threat to their continuing success. Field populations of several major pest species have been reported to have developed resistance after Bt crop adoption, leading to increased crop damage (6, 7) . More insect species have been reported to have increased frequencies of resistant alleles in field populations after the adoption of Bt crops (8) (9) (10) (11) .
Selective application of pesticides with different modes of action has been a principal strategy for insecticide resistance management. Similarly, Bt gene pyramiding, i.e., simultaneous expression of multiple toxins that have different binding sites in the target insects, is an effective strategy to delay the development of resistance to Bt crops. This has been promoted for Bt crops currently deployed in the United States and some other regions of the world (7, 12) . Bt toxins Cry1Ac and Cry2Ab do not share the same binding sites in target Lepidoptera insects (13, 14) and have therefore become two primary Bt toxins pyramided in the new generation of Bt crops. This has been effective at slowing the development of resistance to Bt plants (15, 16) . For continuing success of the pyramids of Cry1Ac and Cry2Ab, it is important to understand the development of resistance in insect pests to pyramided Cry1Ac-Cry2Ab crops.
While Bt crops with pyramided Bt toxins have been deployed in the field since 2002, sprayable Bt formulations that contain multiple toxins have been applied in the field for over half a century worldwide. B. thuringiensis serovar kurstaki (Btk) is the most commonly used strain in commercial sprayable formulations for lepidopteran pest control. Btk contains both Cry1A and Cry2A toxins (17, 18) , so Btk formulations are virtually a bioinsecticide with pyramided Bt Cry1A and Cry2A toxins. Therefore, Btk-resistant insect populations may have developed resistance to multiple Bt toxins and offer opportunities to study resistance of insect populations to multiple Bt toxins selected in agriculture. To date, field-evolved resistance to Btk products has occurred in P. xylostella populations in vegetable fields and in T. ni populations in vegetable production greenhouses (4), and these Btk-resistant populations are known to be highly resistant to Cry1Ac (19) (20) (21) , the major toxin in Btk.
T. ni is a major crucifer crop pest, but its host range covers more than 160 plant species from 36 families, including cotton and many other major crops (22) . Resistance to Btk in greenhouse T. ni populations is polygenic in inheritance (23) , suggesting the possibility that multiple resistance mechanisms are involved in resistance to multiple toxins. The trait of resistance to Cry1Ac in the Btk-resistant greenhouse T. ni population has been isolated and introgressed into a susceptible laboratory T. ni strain for analysis of Cry1Ac resistance selected in greenhouse populations (24) . The resistance to Cry1Ac in Btk-resistant greenhouse T. ni populations is characteristic of the "mode 1" type of Bt resistance and is monogenically inherited and controlled by a single locus mapped to the region where the ABCC2 gene resides (21, (24) (25) (26) . The underlying biochemical resistance mechanism is the loss of Cry1Ac binding sites in the midgut epithelium in resistant T. ni, associated with downregulation of the Cry1Ac receptor aminopeptidase N1 (APN1) in the midgut brush border membrane (27) . Previous studies have confirmed that the high-level resistance to Cry1Ac in T. ni does not confer significant cross-resistance to Cry2Ab (24) . In this study, two greenhouse-originated Btk-resistant T. ni strains (4) were examined for resistance to pyramided Cry1Ac-Cry2Ab-expressing BollGard II cotton plants, and BollGard II-resistant strains were established from the Btk-resistant populations. The levels of Cry2Ab resistance were determined, and the Cry2Ab resistance trait in T. ni was characterized to be incompletely recessive and genetically independent of Cry1Ac resistance by use of combinations with a Cry1Ac-resistant T. ni strain from the same original greenhouse population and biological assays with Cry2Ab toxin and cotton plants expressing no toxin, a single Cry1Ac toxin, and pyramided Cry1Ac-Cry2Ab dual toxins.
MATERIALS AND METHODS

T. ni strains and cotton plants.
A laboratory inbred strain of T. ni (Cornell strain) (21) , which has been maintained in the laboratory for over 30 years and has never been exposed to Bt toxins, was used as a susceptible strain. Two T. ni strains resistant to the Bt formulation DiPel (Abbot Laboratories), namely, GLEN-DiPel and GIPN-DiPel, were used in this study. Both of the DiPel-resistant strains originated from Bt-resistant greenhouse populations (4) . The strain GLEN-DiPel (21) was obtained from a Bt-resistant population on pepper plants in a commercial greenhouse and selected with DiPel in the laboratory (23) . GIPN-DiPel was from a Bt-resistant greenhouse population on tomato plants, which was designated T2c in an earlier publication by Janmaat and Myers (4). GIPNDiPel was selected with DiPel in the laboratory, in parallel to the selection of the GLEN-DiPel strain (23) , to remove susceptible alleles in the colonies. A T. ni strain resistant to Cry1Ac, namely, GLEN-Cry1Ac-BCS (24) , was also used in this study. GLEN-Cry1Ac-BCS was generated from GLEN-DiPel by a cross and multiple backcrosses with the susceptible laboratory strain and selections with Cry1Ac (24) . The three resistant strains had stable resistance, to DiPel for the two Btk-resistant strains and to Cry1Ac for the GLEN-Cry1Ac-BCS strain, and were routinely maintained on a high-wheat-germ-based artificial diet (21) , without further selection with DiPel or Bt toxins to minimize the likelihood of occurrence of laboratory-selected Bt resistance mechanisms in the strains.
Seeds of transgenic cotton BollGard I (event 531) (expresses Cry1Ac) and BollGard II (event 15985) (expresses Bt toxins Cry1Ac and Cry2Ab) plants, as well as their closely related non-Bt toxin-producing variety (Stoneville 474), were provided by the Monsanto Company (St. Louis, MO). Cotton plants were potted in formulated potting soil (Cornell mix) (28) and grown in a greenhouse.
Assay for response of T. ni larvae to BollGard II plants and selection of T. ni with BollGard II leaves. The 3rd and 4th leaves of cotton plants were collected when the plants were 7 to 8 weeks old, at the stage of 6 or 7 leaves. The leaves were cut longitudinally into 3 or 4 pieces so that bioassays of T. ni larvae from different strains received cotton foliage from the same leaves. In addition to BollGard II plants, non-Bt cotton and BollGard I plants were also included in the assays as controls.
For bioassays to determine the susceptibility of T. ni larvae to non-Bt and Bt cotton plants, a piece of cotton leaf and newly hatched T. ni larvae were placed in 30-ml insect rearing cups, which were closed with lids and placed in an insect rearing chamber at 28°C with a relative humidity of 50% and a photoperiod of 16 h of light and 8 h of dark. For assays of the T. ni larvae on control non-Bt cotton leaves, 10 larvae were placed in each cup, with 5 replications. For assays of the T. ni larvae on BollGard I cotton leaves, 20 larvae were used per cup, with 8 to 10 replications. Larval mortality was examined 3 days after feeding on the cotton leaves.
For selection of T. ni strains resistant to BollGard II plants, neonate larvae of the GLEN-DiPel and GIPN-DiPel strains were reared on BollGard II leaves. Larval mortality was recorded 3 days after feeding on BollGard II leaves to assess the susceptibility to BollGard II plants, in parallel to the bioassays on non-Bt cotton and BollGard I plants described above. The larvae that survived after feeding on BollGard II leaves for 7 days were transferred to an artificial diet to allow completion of their larval development. Adjusted survival was calculated by dividing survival on Bt cotton leaves by survival on non-Bt cotton leaves (29) . These BollGard IIselected colonies were repeatedly selected on BollGard II leaves in the same manner for 5 generations to establish stable BollGard II-resistant strains.
Observation of growth, development, and egg laying of T. ni on BollGard II plants. To examine the larval growth, development, and egg laying of BollGard II-resistant T. ni larvae on BollGard II plants in comparison with those of BollGard II-resistant T. ni larvae on non-Bt cotton plants, newly hatched neonates were fed detached leaves from BollGard II or control non-Bt cotton plants in 30-ml rearing cups (10 larvae/cup) at 28°C as described above. After being reared in cups for 7 days, the larvae were transferred to BollGard II or control non-Bt cotton plants in the greenhouse to allow the larvae to feed freely on plants. Pupae were collected, weighed, and incubated at 28°C with a relative humidity of 50% and a photoperiod of 16 h of light and 8 h of dark to monitor emergence of adults.
To examine the fecundity of BollGard II-resistant T. ni reared on BollGard II plants, larvae of BollGard II-resistant T. ni were reared on BollGard II and non-Bt cotton plants as described above. Pupae were collected, and single-pair crosses were set up in 237-ml paper food containers with 10% sugar solution as the adults emerged. Eggs were collected and counted daily until the adults ceased egg laying. To determine the rate of egg hatching, 100 eggs were incubated at 28°C with a relative humidity of 50% and a photoperiod of 16 h of light and 8 h of dark, and the number of neonates emerging was counted.
Bioassays of level of resistance of T. ni to Cry2Ab. To determine the level of resistance of BollGard II-resistant T. ni to Cry2Ab, larvae of the BollGard II-resistant T. ni strain GLEN-BGII, which had been reared on an artificial diet without exposure to Bt toxins for 20 generations, were used. Bioassays for susceptibility of T. ni larvae to Cry2Ab toxin were conducted using a diet surface overlay method (21) . Briefly, 5 ml of artificial diet was poured into a 30-ml plastic rearing cup (diet surface area of ca. 7 cm 2 ). Two hundred microliters of Cry2Ab toxin (protoxin; provided by the Monsanto Company) was evenly spread onto the diet surface, and 10 neonate larvae were placed into each rearing cup after the toxin solution had dried. Six to 8 Cry2Ab toxin concentrations were used for each assay, and each treatment contained 5 replications (cups). The rearing cups were placed in an incubator at 27°C with a relative humidity of 50% and a photoperiod of 16 h of light and 8 h of dark. The control was treated with the same procedures, except that no Cry2Ab was added to the diet. Larval mortality was recorded after 7 days, and observed mortality was corrected using Abbott's formula (30) . Fifty percent lethal concentrations (LC 50 s) and 95% confidence intervals (95% CI) were determined by probit analysis using the computer program POLO (31) . Resistance ratios were calculated by dividing the LC 50 for a tested strain by the LC 50 for the Cornell strain assayed under the same conditions.
Inheritance analysis of resistance to Cry2Ab in T. ni. Genetic inheritance of the resistance of T. ni to Cry2Ab was analyzed using two meth-ods: feeding on foliage of Bt cotton plants and feeding on Cry2Ab toxin in an artificial diet. For analysis of inheritance of resistance to Cry2Ab on BollGard II plants, reciprocal crosses were made between the BollGard II-resistant strain and the Cry1Ac-resistant strain GLEN-Cry1Ac-BCS. BollGard I foliage was used as a non-Cry2Ab control, and non-Bt cotton plant foliage was used as a non-Bt cotton control. To test the responses of F 1 larvae from the reciprocal crosses to non-Bt cotton plants and Bt cotton plants (BollGard I and BollGard II plants), 100 or 150 neonate larvae were placed in 30-ml rearing cups (10 larvae/cup) provided with leaves from non-Bt cotton, BollGard I, or BollGard II plants and incubated at 28°C with a photoperiod of 16 h of light and 8 h of dark. Mortality was recorded 3 days after feeding on the leaves. Responses of F 2 larvae from the cross between GLEN-Cry1Ac-BCS4 (male) and the BollGard II-resistant strain (female) to non-Bt cotton, BollGard I, and BollGard II plants were examined by the same method. In addition, a backcross was made between the F 1 progeny (male) and the BollGard II-resistant strain (female), and the larvae from the backcross family were assayed for responses to non-Bt cotton, BollGard I, and BollGard II plant foliages, also as described above.
For analysis of inheritance of resistance by use of Cry2Ab toxin in an artificial diet, reciprocal crosses were made between the GLEN-BGII and Cornell strains to produce F 1 progeny, and a backcross was made between the GLEN-BGII strain and the F 1 larvae, as described above. The diet overlay bioassay method described above was used to determine the toxicity of Cry2Ab to the neonates from the two parental strains (GLEN-BGII and the Cornell strain), their F 1 progeny, and the backcross progeny from the cross between the F 1 progeny and the GLEN-BGII strain. The degree of dominance (D) for resistance was calculated based on the method described by Stone (32) , as follows: D ϭ (2 log LC 50 F 1 Ϫ log LC 50 RR Ϫ log LC 50 SS)/(log LC 50 RR Ϫ log LC 50 SS), where log LC 50 RR is the log LC 50 for the GLEN-BGII strain and log LC 50 SS is the log LC 50 for the Cornell strain.
RESULTS
Survival of larvae of GLEN-DiPel and GIPN-DiPel strains on
BollGard II leaves. After feeding on BollGard II leaves for 7 days, larvae of the DiPel-resistant T. ni strain GLEN-DiPel had 21% Ϯ 3% survival (mean Ϯ standard error [SE] ; n ϭ 25, for 750 larvae in total), and larvae of GIPN-DiPel had 19% Ϯ 3% survival (mean Ϯ SE; n ϭ 25, for 750 larvae in total). There were no surviving larvae of the susceptible Cornell strain or the Cry1Ac-resistant GLENCry1Ac-BCS strain after 7 days on BollGard II leaves. The T. ni individuals that survived on BollGard II leaves were further selected for 4 additional generations on BollGard II leaves to establish BollGard II-resistant strains. The BollGard II-resistant strain from GLEN-DiPel was named GLEN-BGII, and the strain from GIPN-DiPel was named GIPN-BGII. After 4 generations of selection on BollGard II leaves, 50% Ϯ 3% and 72% Ϯ 3% of the larvae of the two selected strains survived on BollGard II leaves for 7 days (n ϭ 25, for 500 larvae in total). In the parallel bioassay with non-Bt cotton leaves, the survival rates of the larvae of these two selected strains were 89% Ϯ 3% and 92% Ϯ 2%, respectively (n ϭ 10, for 100 larvae in total). Therefore, the adjusted survival values (survival on Bt cotton leaves/survival on non-Bt cotton leaves) for the BollGard II-resistant larvae on BollGard II leaves after 7 days were 0.56 and 0.78, respectively, which are typical for most Btresistant insect strains and represent incomplete resistance (29) . After 7 generations of selection, the adjusted survival values were 0.70 and 0.56 for the GLEN-BGII and GIPN-BGII strains, respectively. After 8 rounds of selection of the two resistant strains on BollGard II leaves performed in October 2008, these BollGard II-resistant strains were routinely maintained on an artificial diet without further exposure to Bt toxins. Selection of the resistant strains on BollGard II foliage was occasionally performed to examine and ensure the resistance in the strains (3 selections were performed in the period from October 2008 to July 2014).
Larval growth and development and adult fecundity of the GIPN-BGII strain feeding on BollGard II and non-Bt cotton plants. On-plant rearing assays to examine the larval growth and development of the BollGard II-resistant strain GIPN-BGII on BollGard II plants showed that the larval growth and development from neonates to pupae on BollGard II plants (mean Ϯ 95% CI, 36 Ϯ 1 day) were slower than those on non-Bt cotton plants (28 Ϯ 2 days) ( Table 1) . However, the pupal recovery rates from larvae that remained on BollGard II and non-Bt cotton plants in the greenhouse during their entire larval stage were not statistically different, with rates of 28% and 36%, respectively, for one experiment (Table 1) and 60% and 48%, respectively, for another independent replicate experiment (Table 2) .
Although the duration of development from neonates to pupae on BollGard II plants was 8 days longer than that on non-Bt cotton, the pupal weights of both males and females from BollGard II and non-Bt cotton plants were not statistically different, and the pupae had 100% emergence regardless of the host plant ( Table 1) . The adults of the BollGard II-resistant T. ni strain from BollGard II plants and from non-Bt cotton plants laid similar numbers of eggs, and the eggs had similar hatching rates ( Table 2) .
Independence of resistance of BollGard II-resistant T. ni to Cry1Ac and Cry2Ab in BollGard II plants. Bioassays of larvae from the Cry1Ac-resistant strain GLEN-Cry1Ac-BCS, the BollGard II-resistant strain GLEN-BGII, and the F 1 progeny from their reciprocal crosses on non-Bt, BollGard I, and BollGard II cotton leaves showed that larvae of the GLEN-Cry1Ac-BCS strain survived well on leaves from non-Bt cotton and BollGard I plants (mortalities of 0 to 8% and 2 to 7%, respectively), but they could not survive on leaves from BollGard II cotton plants (mortality of 100%) ( Table 3) . Larvae of the GLEN-BGII strain, however, not only could survive on non-Bt cotton and BollGard I plants (mortalities of 1 to 7% and 4 to 5%, respectively), but they also had high survival rates (61 to 67%) on BollGard II plant leaves ( Table 3) . The larvae from the F 1 progeny from the reciprocal crosses of GLEN-Cry1Ac-BCS and GLEN-BGII could survive on the leaves from non-Bt cotton and BollGard I plants (mortalities of 1% to 7%), but they had very poor survival on leaves from BollGard II plants after 3 days (95% and 99% mortalities for larvae from the reciprocal crosses) (Table 3) . However, these F 1 survivors died within 7 days on BollGard II leaves. These results indicate that the genetic mechanism conferring resistance to Cry1Ac in the GLEN-BGII strain is the same as that in the GLEN-Cry1Ac-BCS strain and that the resistance to Cry2Ab in BollGard II-resistant T. ni is independent of the resistance to Cry1Ac. The resistance of T. ni to Cry2Ab in BollGard II leaves is autosomal and recessive.
Level of Cry2Ab resistance and inheritance of the resistance in BollGard II-resistant T. ni. In diet surface overlay bioassays, the LC 50 of Cry2Ab for the susceptible strain of T. ni was 0.30 g/ml (Table 4) . However, in the parallel bioassays, the BollGard II-resistant strain, GLEN-BGII, had low mortalities at Cry2Ab concentrations of up to 440 g/ml (Table 4) . Therefore, the LC 50 of Cry2Ab in GLEN-BGII is Ͼ1,467-fold higher than that of the susceptible strain. The LC 50 s for the F 1 progeny from the reciprocal crosses between GLEN-BGII and the susceptible strains were similar (0.95 and 1.16 g/ml) and were only minimally higher than that for the susceptible parent strain (3.2-and 3.9-fold) ( Table 4 ). The degrees of dominance (D) of the resistance for the F 1 progeny from the two reciprocal crosses were calculated to be Ϫ1 Ͻ D Ͻ Ϫ0.72 and Ϫ1 Ͻ D Ͻ Ϫ0.76. The autosomal and incomplete recessive resistance to Cry2Ab is also clearly shown in the dose-response (mortality) plot (Fig. 1) . The dose-response lines for the two F 1 populations are shifted to the right but are close to that of the susceptible strain. The dose-response curve for the larvae from the backcross population shows 2 phases: mortality increased with increasing doses of Cry2Ab from 0 to 4.4 g/ml and then plateaued at ca. 50% mortality (5 probit units), showing characteristic monogenic inheritance of resistance.
In the examination of the inheritance of Cry2Ab resistance in cotton plants, bioassays of T. ni larvae on leaves from non-Bt cotton and BollGard I and BollGard II cotton plants showed that larvae of the F 2 generation from the cross between GLEN-Cry1Ac-BCS and GLEN-BGII could survive on leaves from non-Bt cotton and BollGard I plants (mortalities of 2% and 0%, respectively) and also had 21% survival on leaves from BollGard II plants. This is statistically consistent with the expectation under the assumption that Cry2Ab resistance is a monogenic recessive trait (Table 3 , data for experiment II). The larvae from a backcross between the F 1 progeny of GLEN-Cry1Ac-BCS ϫ GLEN-BGII and GLEN-BGII could survive on leaves from non-Bt cotton (4% mortality) and BollGard I (3% mortality) plants (Table 3) , and 44% of these larvae also survived on leaves from BollGard II plants, which is also statistically consistent with Cry2Ab resistance being a monogenic recessive trait (Table 3) . These results are consistent with the results of the diet overlay bioassays with Cry2Ab toxin described above (Fig. 1) . 
DISCUSSION
Bt strains that are used for microbial control of insect pests commonly produce multiple Cry toxins that are responsible for their insecticidal properties. The T. ni strains used in this study originated from greenhouse populations in British Columbia, Canada (4). These greenhouse populations were exposed to multiple Cry toxins in Btk sprays and could have been selected for resistance to multiple Bt toxins. The polygenic inheritance of Btk resistance in T. ni (23) suggests that these T. ni populations may have evolved multiple resistance mechanisms to the different Cry toxins from Btk. This study confirmed that T. ni populations resistant to a commercial product, DiPel, not only were highly resistant to Cry1Ac (21), the major Cry toxin in Btk, but also had a high frequency of a resistant allele(s) to Cry2A, another Cry toxin in Btk. These T. ni populations had ca. 20% survival on foliage of BollGard II cotton plants, which express both Cry1Ac and Cry2Ab. The Cry2Ab-resistant alleles were evidently selected in both the GLEN-DiPel and GIPN-DiPel strains by Btk, as resistance to Cry1Ac alone does not confer resistance to BollGard II plants (Table 3) . However, the frequencies of the Cry2Ab-resistant allele in these two strains were not 100%, likely due to the relatively low Cry2A content in Btk (33) . After 4 rounds of selection on BollGard II leaves, 50 to 72% of the larvae survived on BollGard II leaves in 7-day feeding assays, compared to 89 to 92% survival on non-Bt cotton leaves. Therefore, the results from this study show that Btk-resistant T. ni from greenhouse populations had developed resistance to Cry1Ac and Cry2Ab, indicating that application of sprayable Bt formulations in agriculture may select for multiple resistance alleles for multiple Cry toxins in insect populations. Cry1Ac and Cry2Ab are known to bind to different receptors in the midguts of lepidopteran larvae (13, 14) . Therefore, Cry1Ac and Cry2Ab have become two primary Bt toxins pyramided in new Bt cotton varieties. The Btk strain is commonly used in Bt formulations for lepidopteran pest control and is known to harbor genes coding for the toxins Cry1Aa, Cry1Ab, Cry1Ac, Cry2Aa, and Cry2Ab. Although the Cry2Ab gene in Btk is cryptic (34), Cry2Aa is produced and shares the same binding site with Cry2Ab in the insect midgut (13) . Therefore, insect populations highly resistant to Btk formulations may already be resistant to Bt crops with pyramided Cry1A and Cry2A toxins. This study confirms such a selection of resistance to both Cry1Ac and Cry2Ab by the application of Bt sprays in agriculture.
Genetic complementation tests that assayed the survival of the progeny from reciprocal crosses between the Cry1Ac-resistant strain (GLEN-Cry1Ac-BCS) and the BollGard II-resistant strain (GLEN-BGII) on leaves of BollGard I and BollGard II plants (Table 3) indicated that (i) BollGard II-resistant T. ni shares a genetic mechanism with the GLEN-Cry1Ac-BCS strain for resistance to BollGard I and (ii) resistance to Cry2Ab in BollGard II-resistant T. ni is autosomal and recessive. Further bioassays of the F 2 and backcross populations generated between the GLEN-Cry1Ac-BCS and GLEN-BGII strains (Table 3 , data for experiment II) indicated that resistance to Cry2Ab in T. ni is genetically independent of resistance to Cry1Ac, and the resistance to Cry2Ab appears to be a monogenic recessive trait. Cry1Ac resistance in T. ni is associated with downregulation of APN1 gene expression, and the resistance gene has been localized to the ABCC2 gene locus region (25, 27) . This Cry1Ac resistance-conferring mechanism in T. ni does not confer cross-resistance to Cry2Ab (24) . The bioassay data (Table  3) confirm that the Cry1Ac resistance mechanism in T. ni does not confer cross-resistance to Cry2Ab.
Bioassays of GLEN-BGII larvae on an artificial diet with Cry2Ab toxin further demonstrated the high LC 50 of Cry2Ab for GLEN-BGII (Ͼ1,467-fold higher than that of the susceptible strain) (Table 4 ). Inheritance analysis of the Cry2Ab resistance in BollGard II-resistant T. ni on an artificial diet with Cry2Ab toxin ( Table 4 ) further confirmed that the resistance to Cry2Ab in the T. ni larvae was autosomal and incompletely recessive, and the resistance trait appears to be monogenic (Fig. 1) .
Resistance to Cry2Ab has been studied in laboratory strains of Heliothis virescens and Pectinophora gossypiella (35) (36) (37) and, recently, other cotton pest species, including Helicoverpa zea, Helicoverpa armigera, and Helicoverpa punctigera (8, 9, 38) . The resistance to Cry2Ab in H. armigera and H. punctigera has been reported to be recessive (39, 40) and conferred by reduced binding of the toxin to the midgut (14) . The molecular genetic mechanisms for Cry2Ab resistance are currently unknown for any insects. It will be important to understand how diverse or how conserved the molecular genetic mechanisms of Cry2Ab resistance are in these insects in order to understand the development of insect resistance to Cry2Ab in the field and to develop technology for management of insect resistance to Bt toxins.
T. ni is a highly polyphagous species, and its distribution covers all cotton production areas in the United States. Although T. ni is normally considered to be a secondary pest on cotton (41), if it is uncontrolled, T. ni may cause severe yield losses of over 90% (42) . The Bt-resistant T. ni populations used in this study initially evolved resistance in commercial vegetable greenhouses in British Columbia, Canada, where no cotton is planted. However, wild populations of T. ni migrate annually from California to British Columbia. Although the overwintering populations may be exposed to Bt cotton, they were susceptible compared to resistant greenhouse T. ni populations (43) .
Examination of the performance of BollGard II-resistant T. ni on BollGard II plants in comparison with that on non-Bt cotton plants showed similar levels of development to pupation (36% on control plants and 28% on BollGard II plants) (Table 1) . A larger sample size may be needed to further evaluate survival of BollGard II-resistant T. ni on BollGard II plants. On BollGard II plants, the BollGard II-resistant larvae developed significantly more slowly than on control non-Bt plants. The slower larval development of resistant T. ni on BollGard II plants indicates that, in the field, there may be asynchrony of mating between the T. ni populations from non-Bt cotton and BollGard II cotton plants. Slower larval development on Bt plants than on non-Bt plants has been reported for several insect species, based on both laboratory and field observations (44) (45) (46) (47) (48) . Asynchrony of mating between insects from non-Bt plants and Bt plants in the field has been reported to be a factor that may affect the refuge strategy for resistance management (44, 49) .
Although the larval growth and development of BollGard IIresistant T. ni were slower on BollGard II plants, there was no significant difference in pupal weight and pupal emergence rate between the two groups (Table 1) . Furthermore, no significant difference was observed between the two groups in terms of egg laying, measured as the number of eggs laid per pair of adults, or the egg hatching rate ( Table 2 ). This suggests that larvae resistant to Bt cotton may cause similar levels of damage to Bt cotton and non-Bt cotton. Therefore, the potential of resistance development of T. ni in field populations cannot be ignored given the high adoption rate of Bt cotton in the United States (12) . 
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